INTRODUCTION
Campylobacter subspecies are the leading cause of food-borne illness, and require a microaerophilic environment (3-15% O 2 and 3-5% CO 2 ) for growth. A few strains are able to grow under aerobic conditions (21% O 2 ; Holt et al., 2000) . Bolton and Coates (1983) determined the optimal range for thermophilic Campylobacter species to be 5 to 10% O 2 and 1 to 10% CO 2 , which is similar to the Campylobacter jejuni optimal range. Until differentiation by Sebald and Vernon in 1963 , Campylobacter were originally part of the genus Vibrio, a facultative anaerobic bacterium. It was the microaerophilic requirements and nonsaccharolytic metabolism of the Campylobacter species that set them apart from the Vibrio spp. (Dworkin, 2006) .
Although the development and application of systems for inducing and maintaining anaerobic environments have been around since the late 1800s (Hall, 1929) , little research has been strictly conducted on microaerophilic environments for Campylobacter. This could be because anaerobic and microaerophilic requirements are somewhat similar; however, slight differences do exist between the 2 environments (Buck et al., 1982; Summanen et al., 1999) . Although previous studies have evaluated different systems for creating a microaerophilic environment, they did not investigate the growth characteristics of Campylobacter jejuni, which is the most prevalent strain of Campylobacter associated with poultry. Because Campylobacter is recognized as the leading cause of foodborne illness, and specifically Campylobacter jejuni is strongly associated with poultry products, it is necessary to determine which available system is the most reliable and efficient for creating an appropriate microaerophilic environment for growth. ABSTRACT Campylobacter spp. require a microaerophilic environment (80% N 2 , 10% CO 2 , 5% H 2 , and 5% O 2 ) for growth. Since the late 1800s, several systems for creating and maintaining specific microbial atmospheres have been developed and applied. The objective of this study was to evaluate Campylobacter jejuni growth by means of 3 commonly used gas-delivery systems for generating a microaerophilic environment: automated, gas-generating sachet, and plastic storage bag. Pure culture C. jejuni cells were suspended in Brucella broth and spread onto campy cefex agar plates. For the automated gas-delivery system, plates were positioned in a Mart anaerobic jar and flushed with a microaerophilic gas mixture using an Anoxomat Mart II system (Mart Microbiology B. V., Netherlands). For the sachet samples, plates were placed in a Mart anaerobic jar and 3 Gaspak EZ campy sachets (Becton Dickinson and Company, Franklin Lakes, NJ) were activated to induce a microaerophilic gas environment. The plates placed in plastic storage bags were flushed with a microaerophilic gas mixture from a premixed tank. For all 3 systems, plates were placed in a low-temperature incubator at 42°C for 24 h. After 24 h, plates were removed from the incubator and colonies were counted. The entire experiment was repeated 5 times. Results indicated no significant difference in colony counts among the gasdelivery systems tested, but colonies grown under the sachet-generated environment were smaller than colonies in the other 2 methods. Smaller colonies could have resulted from the type of media used or the length of time the plates were incubated. In conclusion, all 3 gasdelivery methods were able to produce similar Campylobacter growth results. Initial and long-term costs of equipment, as well as laboratory space availability, may be influential when choosing a gas-delivery method for generating a microaerophilic environment.
Rapid atmospheric development with very low oxygen levels is crucial to the cultivation of anaerobic and microaerophilic bacteria alike (Ruangrungrote et al., 2008) . In a review by Hall (1929) , it was stated that in the mid-1800s, Pasteur as well as Nencki were the first to evacuate oxygen from the environment, which is one of the earliest methods for inducing a specific atmosphere. Various forms of vacuum pumps have been previously used, including mercury aspirators and water aspirators as well as mechanical air pumps (Hall, 1929) . Passing inert gases over media in order to exhaust oxygen from the environment was also used early on to create an anaerobic atmosphere. This was most successful when combined with evacuation, which was first performed in jar-or bell-like containers holding several plate cultures. In 1886, Librorius was one of the first to combine oxygen evacuation with hydrogen gas in a jar-like container (Hall, 1929) . The container had rubber tube inlets and outlets to provide atmosphere, and pinchcocks to prevent the gas from leaking out. Hall (1929) also stated that in 1890, Botkin included a rack for holding the plate cultures. The Novy jar, with its base and removable cap, was first described in 1893 and is more similar to the anaerobic jars used in laboratories today (Hall, 1929) .
Since the development of the Novy jar, several modified containers and techniques have become available for creating both anaerobic and microaerophilic environments. Fletcher and Plastridge (1964) used the techniques developed by Wiess and Spaulding (1937) to induce a particular atmosphere for microaerophilic Vibrio species, including Vibrio fetus. The Wiess-Spaulding jars (10 petri dishes/jar) were connected to a vacuum pump and evacuated 3 times. After the third time, the jars were filled with 10% carbon dioxide and 90% hydrogen. In 1979, 2 alternative methods (autoclave tape and Ziploc storage bags) for growth of Campylobacter spp. were based on the Fortner principle, and tested. In that study, the facultative anaerobe Proteus rettgeri was used to decrease oxygen tension in the atmosphere in order to encourage growth of Campylobacter. Results showed that this method allowed Campylobacter to grow both by means of autoclave tape and Ziploc storage bags (Karmali and Fleming, 1979) . Rosenblatt and Stewart (1975) investigated anaerobic bag and Gaspak jar methods for establishing an anaerobic environment. Their results demonstrated that both methods were successful in microbial propagation, but there was no consistent difference in the yield of anaerobes. In 1982, the effectiveness of the CampyPak II system on the isolation of Campylobacter fetus ssp. jejuni from clinical specimens was evaluated. The envelope system contained a hydrogen catalyst that decreased the oxygen levels to that of a microaerophilic environment. They found the performance of the CampyPak II system to be identical to the jar-evacuation method, with the price of the technique being the only difference (Buck et al., 1982) .
In 1984, Anoxomat (Mart Microbiology B.V., the Netherlands), an automated jar-evacuation system, was developed and changed the way anaerobic and microaerophilic environments could be created. This system automatically evacuated air from jars and replaced it with a gas mixture by use of a pump. The Anoxomat system was evaluated as fast, easy to use, and reliable (Brazier and Smith, 1989) . Summanen et al. (1999) compared the growth and recovery of anaerobic bacteria in the Anoxomat system against the anaerobic chamber system and the GasPak system, which is similar to the CampyPak II system. These systems were all comparable to one another, each with a bacterial recovery rate above 88% for the 108 isolates tested. Shahin et al. (2003) were the most recent to investigate the performance of the Anoxomat against other anaerobic systems, and found the Anoxomat provided superior growth in relation to colony size and density over the GasPak system. The automated gas-delivery, gas-generating sachet, and plastic storage bag systems are the 3 most commonly used techniques for inducing a microaerophilic atmosphere in laboratories today. Given the scarce amount of research conducted on the strict comparison between the methods for production of a microaerophilic environment, the following research provides further insight into the best practice for creating a stable and effective microaerophilic atmosphere for Campylobacter jejuni growth. The objective of this study was to evaluate the automated gas-delivery, gas-generating sachet, and plastic storage bag systems, and determine whether one system is more reliable or efficient in culturing Campylobacter jejuni than the others.
MATERIALS AND METHODS

Microbial Analysis
A pure Campylobacter jejuni culture (C. jejuni 700819, ATCC, Manassas, VA) stored on Cryosaver Brucella beads (Hardy Diagnostics, Santa Maria, CA) was removed from a Revco Ultima Upright Freezer (−80°C; Thermo Scientific, Marietta, OH), and 3 protective beads were placed into a sterile 50-mL conical tube containing 12 mL of Brucella broth. Through preliminary examination, this bead to broth ratio provided approximately 50 to 100 cfu per plate. The tube was mixed for 1 min using a vortex (Fisher Scientific, Pittsburgh, PA). One-hundred microliters of the suspension was spread onto 36 duplicate plates and arranged into each of the 3 different treatment containers for gas-delivery evaluation. For the automated gas-delivery and plastic storage-bag system samples, plates were positioned in a Mart anaerobic jar or Ziploc Brand Double Guard Storage Bag (S. C. Johnson and Son Inc., Racine, WI), respectively. Plates were then flushed with a microaerophilic gas mixture (80% N 2 , 10% CO 2 , 5% H 2 , and 5% O 2 ) using the Anoxomat Mart II system (Mart Microbiology B. V., Netherlands) for the automated system samples or directly from a premixed tank for the plastic storage-bag samples. For sachet samples, plates were placed in a Mart anaerobic jar and 3 Gaspak EZ Campy sachets (Becton Dickinson and Company, Franklin Lakes, NJ) were opened and stationed in the container. All plates were placed in a Precision Model 815 low-temperature incubator (Thermo Scientific, Marietta, OH) at 42°C for 24 h. After 24 h, plates were removed from the incubator and the number of colonies was counted. The entire experiment was repeated for a total of 5 separate, but identical trials.
Statistical Analysis
To determine if variance between bacterial counts was similar among gas-delivery systems, CV were calculated for the 36 sample plates evaluated for each treatment in each trial. Data were analyzed with a randomized complete block design with trials serving as blocks. The means were separated using Fisher's Protected LSD and were considered significant at P < 0.05 (Steel and Torrie, 1980) .
RESULTS AND DISCUSSION
Three commonly used atmosphere-inducing techniques were evaluated for reliability and efficiency for the growth of Campylobacter jejuni. In total, 540 sample plates were examined for mean colony count for the 3 gas-delivery systems and no significant difference was found between the systems (Figure 1 ). Additionally, CV were similar for each of the gas-delivery methods tested, indicating that variation in colony counts between plates was consistent for each method (Figure 2) . However, the gas-generating sachet system produced a Campylobacter colony size that was much smaller than the colonies found on plates in the other 2 methods tested. One explanation for the size difference could be the difference in time it took for the sachets to produce a microaerophilic environment. The automated gasdelivery system has been found to achieve the desired atmosphere 0.5 h faster than the gas-generating sachets (Summanen et al., 1999) . Colony size also could have been dependent on the length of incubation. Results from an earlier study found C. fetus ssp. jejuni colonies to be too small to be measured accurately in both methods after 24 h (Buck et al., 1982) . However, after 48 h, colonies from the sachet system were found to be statistically smaller than colonies grown in anaerobic canisters (Buck et al., 1982) . Conversely, a later study by Summanen et al. (1999) showed no statistical difference in the size of growth between colonies after 48 h.
In conclusion, all 3 systems were able to provide a reliable microaerophilic environment for growth of pure culture Campylobacter jejuni. When choosing a method, space and cost are 2 factors to consider (Table 1) . The initial cost of the automated gas-delivery system is high, but the long-term costs are relatively low (Sum- Figure 1 . Mean Campylobacter colony counts for each system: automated gas-delivery, gas-generating sachet, and plastic bag. There was no significant difference among the 3 systems (P = 0.49, SEM = 4.02, n = 180). manen et al., 1999). Although gas-generating sachets are not very expensive, they still require the same type of costly anaerobic jar as the automated gas-delivery system. The plastic storage bag system is the least expensive of the 3. In terms of space, it is important to account for plate-holding capacity and incubator availability. The anaerobic jars for the automated gas-delivery and gas-generating sachet systems can hold up to 36 plates, whereas the plastic storage-bag system can only hold a maximum of 16. The automated gas-delivery system also requires the most bench space; however, all 3 methods require approximately the same space in the incubator. Therefore, in determining the most economical system for a laboratory, the cost of the automated gas-delivery system equipment compared with the cost of plastic storage bags should be considered. For experiments that require a minimum amount of sampling, the plastic storage-bag system may be a better choice than the automated gas-delivery system. It currently requires 1.07 million plates to offset the cost of the automated gas-delivery system equipment. Although the results from this experiment support the use of the Figure 2 . Coefficients of variation for Campylobacter colony counts for each system: automated gas-delivery, gas-generating sachet, and plastic bag. There was no significant difference among the 3 systems (P = 0.88, SEM = 1.5, n = 5). plastic bag system, owing to space and cost considerations, other strains of Campylobacter may grow better using the other 2 gas-delivery systems. Therefore, each laboratory may want to test the efficacy of different gas-delivery systems for a particular Campylobacter strain before selecting a given system.
